The effect of early age on the mechanical properties of concrete was investigated in this study. A uniaxial compression test was performed on split Hopkinson pressure bar (SHPB) equipment with a large diameter of 75 mm. The experimental results indicated that before 7 days, concrete showed viscoelasticity and had good deformation ability and low sensitivity to incident energy. In addition, the concrete exhibited the characteristics of quasi-brittle materials, and the sensitivity of the incident energy improved with age. The threshold value of the incident energy at early ages had an insignificant effect on the stable age concrete. The threshold value was 50% of the corresponding age's critical incident energy, while it was 75% after 7 days.
Introduction
As one of the most commonly used building materials, the mechanical properties of concrete must meet design requirements after 28 days of curing, which is in contradiction with modern construction methods that are dedicated to shortening the construction period. To accelerate the construction progress, multi-subsection blasting methods [1] have always been used, while the effectiveness of the supporting structure at an early age is inevitably affected by the blasting impact loading. The main problem in this task is that the supporting structure at an early age responds to the blasting impact loading which may cause cracks and microseismic events at the same time [2] [3] [4] . The compressive strength is one of the fundamental parameters in structural design to determine the engineering service life. Hence, understanding the influence of early-age impact on the dynamic compressive strength of the stable age concrete is very important.
Lew and Richard first studied the compressive strength, splitting tensile strength, and bond strength of early-age concrete in 1978 [5] .Since then, the scope of early-age concrete studies has been broadened. Kim and Han [6, 7] as well as Kanstad and Hammer studied the correlation of compressive strength and the elastic modulus with the change of curing temperatures, ages, and cement types and proposed a model that could predict the splitting tensile strength and elastic modulus on the basis of experiments without knowing the compressive strength [8] . Yia and Kim investigated the effect of concrete strength and age on the stress-strain curves of concrete, proposing a more reasonable mold that accurately predicted the ascending branch of the stress-strain curve and the descending branch within a minimum deviation range [9] . Based on experimental research, the formulas for calculating the required strength to the loading moment of monolith foundations, walls, columns, and coverings were suggested by Baiburin [10] . The designing of the early loading technology was given, and the results of the in-place earlyage covering loading tests were presented. A new experimental procedure that uses digital image correlation (DIC) to measure deformation has been developed to measure tensile strain capacity, tensile strength, and the tensile Emodulus of concrete during the first 24 h of age [11] . The authors [12] provided an application to the maturity method to estimate the strength development of concrete in place during construction, which could transform, in real time, the temperature history of on-site concrete into strength. Bertagnoli and Gino [13] proved a simplified approach for determining the time evolution of stresses developing at the early age of curing concrete slabs of composite beams and the different types of cement. This approached featured a variable time evolution of the hydration process, and different external temperatures were taken into account. Their approach can be regarded as a simple generalization of the method adopted in the current practice and is based on assuming full interaction between the slab and the profile. Zreiki and Bouchelaghem [14] proposed a practical approach to characterize the early-age behavior of massive concrete structures on-site and to identify a macroscopic 3D chemothermo-viscoelastic model from simple tests performed in the laboratory. They also employed a restrained shrinkage ring test to identify a basic creep model at early concrete age. Zhang and Yang [15] developed a new prediction model of the early-age strength and elastic modulus and the coefficient of variation for each variable, based on large numbers of experimental results, which can provide good prediction of the development of mechanical properties of concrete structures during aging. The mechanical properties including compressive strength, splitting strength, and modulus of elasticity of early-age concrete cured under both temperaturematching curing and isothermal 20 ∘ C curing were investigated by Wang and Yan [16] ; they created a model that can predict the compressive strength, splitting strength, and elasticity modulus by finite element method measurements or calculations. The concrete temperature at early ages was proposed, which is valid in real structures. In addition, Jin and Li [17] obtained the complete strain-stress cure for young concrete and studied the effect of static load level, curing conditions, and loading age at early ages on the mechanical properties of stable concrete. The adverse effects caused by differential axial shortening become significant with the increasing height of high-rise buildings. Du and Liu [18] presented an experiment under a step-by-step load, which was employed to approximately simulate the load history of the axial components during the construction process; the researchers found that the strain development of early-age concrete under a step-by-step load is substantially affected by the loading age and stress amplitude.
Previous studies have focused on the mechanical properties, strain-stress curves, and mechanical properties prediction models of early-age concrete subjected to static loading. However, there is little information in the literature on the mechanical properties under dynamic loading conditions.
Although the authors have studied the mechanical properties of early age concrete under static, dynamic, and repeated impact loading, a damage constitutive model that can reflect the variation in dynamic mechanical properties with age has been proposed [19] [20] [21] . However, the effects of early age on the dynamic compressive strength of stable age concrete have not been examined.
In this work, the effect of early-age impact on the dynamic compressive strength of concrete was investigated under different factors including loading age and impact level. In this paper, the uniaxial compression tests were carried out at the ages of 1, 3, 7, 14, and 28 days by using a 75 mm [22] . The mixture proportion of the concrete is given in Table 1 . After casting, all specimens were subjected to moist curing at 20±1 ∘ C. It is not easy to grind the end of specimens at early ages, so after casting for 12 h, the capping method, which uses ultra-rapid-hardening cement, was used. The cylinders were demolded at an age of 24 h. After mold removal, the samples were stored in a standard moist room at 20±1
∘ C until testing. Figure 1 shows the SHPB testing system, which consists of an incident bar and a transmitted bar, with a specimen sandwiched between them, and a striker that impacts the incident bar to produce a compressive stress wave. The incident stress wave propagates along the incident bar towards the specimen. When the stress wave reaches the interface of the incident bar and the specimen, part of the wave reflects back to the incident bar, while the rest transfers into the transmitted bar. Both pressure bars have the same dimension of Ø75-2000 mm, and the absorption bar is Ø75-1000 mm. Strain gauges are attached at the center of the pressure bars. The bars are made of stainless steel with Young's modulus of 225 GPa, density of 7697 kg/m 3 , elastic wave velocity of 5410 m/s, and Poisson's ratio of 0.28. The test system adapts to load heterogeneous brittle material under a high strain rate; a constant strain rate of half-sine stress wave loading can be obtained using a spindle-shaped striker [23] .
SHPB Test Apparatus.
is used to denote the measured strain signal on the bars, where the subscripts , , and represent the incident, reflected, and transmitted pulses, respectively, according to the one-dimensional stress wave theory. Then, the engineering stress, strain, strain rate, and incident energy of the sample can be expressed: 
where , , , and are the cross-sectional areas, wave velocity, Young's modulus, and density of the bars, respectively. and are the cross-sectional area and the length of the specimen, respectively. is the incident energy.
For the SHPB test, several assumptions were specified to ensure the validity of (1)- (2) as follows: (1) the propagation of the stress wave in elastic bars agrees with the one-dimensional stress wave theory; (2) the specimen reaches the stress equilibrium state before failure; (3) the friction and inertial effects of the specimen can be ignored.
Testing Method.
To investigate the effect of the early-age impact on the dynamic compressive strength of concrete after a stable age, the impact test was designed as follows:
(1) The critical incident energy ( IC ) and the failure dynamic strength of the concrete are obtained for when the sample breaks into several large pieces (critical failure, shown in Figure 2 ) at each age under a single impact (shown in Table 2 ). The specimen will not break when the impact incident energy is less than IC , which means that it will continue curing after impact. In this test, the specimen will be impacted at the age of 1, 3, 7, 14, and 28 days. Before the age of 14 days, the specimen that does not break during the impact will be put back in the standard room until 28 total days are reached; the specimen will be impacted again, and the mechanical properties will be compared with those of a specimen that cures in a standard moist room for 28 days. For example, if the specimen impact at an age of 1 day is not broken, it will be put back in the standard room for another 27 days (28 in total) and then impacted again. The mechanical properties will be compared with the specimen that cures in the standard moist room for 28 days.
(2) Ensure the impact incident energy of each loading age. In this paper, 50% and 75% of the IC mentioned above were utilized, which can be achieved by adjusting the air pressure and position of the striker.
(3) Place the specimen. The specimen was placed between two long elastic pressure bars, and the end-friction effect was minimized with smearing butter. According to the first step, the specimen would be put back in the standard moist room for 28 days if it was not broken, and a protective case with a sponge at the bottom (as shown in Figure 3 ) was arranged to avoid negative effects on the experimental results due to the dropping impact.
(4) SHPB test based on the experimental design. Typical signals obtained from the SHPB tests are illustrated in Figure 4 , and the dynamic mechanical properties were calculated by (1)-(4).
In addition, the wave velocity was obtained with a geotechnical quality detector as a parameter to characterize the strength of concrete of all the concrete specimens at 1, 3, 7, 14, and 28 days of age (CE-9201, shown in Figure 5 ). The detector can generate a high-voltage short rectangular wave. A wide-band ultrasonic (mechanical) wave is generated and picked up by the receiver, whose signal is amplified after traveling through the material. The time that it takes for the wave to travel from the transmitter to the receiver can be read from the detector, and the velocity can be calculated by
where L is the length of specimen. 
Experimental Results and Discussion

Comparison of Stress-Strain Curves.
A comparison of the characteristics of concrete for different ages was created and is shown in Figure 6 . Figure 6 shows the stress-strain curves of concrete for different ages with uniaxial compressive impact loading at a strain rate of approximately 45 s -1 . From Figure 6 , it can be seen that the strain corresponding to the maximum stress and failure strain is relatively large for early-age concrete and decreases rapidly with age, while there is no obvious change for the concrete after 7 days of age.
The result reflects the nature of the hydration process and viscous characteristics of early-age concrete. At these ages, the hydration products are still growing. Calcium silicate hydrate and calcium hydroxide have not strongly interlaced together, and there are more voids and moisture in the early-age concrete. As a result, the boundary sliding between groups of hydration products can easily occur, and more deformation can be achieved [22] . Then, with the increase in age, Young's modulus of concrete increases, while the critical strain and failure strain decrease. This result indicates that the viscoelasticity of concrete gradually transfers towards the quasi-brittle with age. 
Effect of Impact with Different Curing Age on Wave
Velocity. Figure 7 shows the variation in concrete wave velocities with age under standard curing conditions. It can be seen from Figure 7 that the wave velocity has a positive logarithmic relationship with age under the no impact cases. The wave velocity increases rapidly before 7 days of age and relatively slowly after 7 days of age [24] .
The effect of early-age impact (1, 3, 7, and 14 days) on the concrete wave velocities with age is shown in Figure 8 . From the figure, it can be seen that the wave velocity of concrete continues growing with age after impact at the age of 1, 3, and 7 days. The decreased magnitude of wave velocity due to impact at the age of 1 day is the greatest, but the wave velocity increases fastest after curing and exceeds the original level at the age of 28 days. A similar trend is observed for the wave velocity at the age of 3 and 7 days, but to a different degree. Both of the levels cannot be restored to the original level at the age of 28 days. Additionally, the wave Shock and Vibration velocity of concrete subjected to impact at the age of 14 days grows slowly after curing, and the wave velocity is obviously much less than that of the original level at the age of 28 days.
The wave velocity growth model of concrete due to impacting at different ages is mainly affected by the mechanical properties of concrete transfer with age [25] . Before the age of 7 days, the concrete is viscous and easy deformed; therefore, the wave velocity is susceptible to external impact. Additionally, the concrete can recover quickly after curing because it still has good viscoelasticity. As the nature of concrete gradually converts from viscoelastic to quasi-brittle with age, although the impact effect on concrete decreases under the same impact level, the internal structure of concrete is destroyed and cannot be restored. This result corresponds to the fact that the wave velocity does not increase with age after impact at the age of 7 days.
Effect of Impact Incident Energy on Wave Velocity.
The early-age impact had a significant influence on decreasing wave velocity of concrete, for which the decreasing degree and the growth rate after curing were reduced with the impact age.
It can be seen from Figure 8 (a) that the growth trend of the wave velocity of the concrete subjected to impact at 1 day of age under the impact level of 50% and 75% IC is similar to that of the concrete in the standard curing condition. While the impact level is close to IC , there is no obvious growth during the curing time. As shown in Figures 8(b) and 8(c) , the wave velocity variation patterns of concrete under the impact level of 50% IC perform in a similar trend at an age of 3 and 7 days. While the impact level reaches 75% of the critical incident energy, the concrete impact at the age of 7 days is damaged severely, and the wave velocity declines rapidly. Compared with the wave velocity of the concrete subjected to the impact before 14 days, the velocity wave of the concrete that was impacted at 14 days of age grows relatively slowly.
The growth rate decreases with the increase in the incident energy (see Figure 8(d)) .
The above results reveal that when the external impact incident energy is less than 50% of the corresponding age's IC , the wave velocity of the concrete subjected to impact before 7 days will grow normally with age. However, it would be very difficult for the wave velocity to recover from the impact after being impacted at an age of 7 days.
Effect of Impact with Different Age on Dynamic Strength.
The variation in dynamic strength of concrete with ages under the impact level of IC is shown in Figure 9 . From the figure, it can be seen that the dynamic strength has a positive logarithmic relationship with age under IC impacting. The dynamic strength increases rapidly before 7 days and relatively slowly after 7 days. Table 3 shows the effect of different loading ages on the damage energy of concrete at 28 days of age. From Table 3 , it is clear that after impact at the age of 1 and 3 days under the impact level of 50% of the corresponding age's IC , the specimens after curing for 28 days (for the totally 28 days) were probably broken under the impact level of no less than 100% 28IC (critical incident energy of 28 days). In comparison, specimens previously subjected to impact at an age of 3 days under the impact level of 75% 3IC would be fully fragmented under the impact of 50% 28IC after curing for 28 days. Specimens previously subjected to impact at an age of 7 days under the impact level of 50% 7IC would be critically damaged under the impact of 75-100% 28IC after curing for 28 days. Specimens previously subjected to impact after 7 days under the impact level of 75% 7IC were fractured into large pieces under the impact of 75% 28IC after curing for 28 days. Those specimens previously subjected to impact at an age of 14 days under the impact level of less than 14IC were broken only when the impact level reached or exceeded 28IC after curing for 28 days.
The above analysis shows that early-age impact at different ages has a distinct influence on dynamic strength of concrete at the stable age. The effect of early age on the dynamic strength of specimens at the stable age was small when the specimens were previously subjected to an impact at an age of 1, 3, and 7 days under the impact level of 50% of the corresponding IC . However, there is an evidential effect on the dynamic strength of specimens at the stable age under the impact level of 75% of the corresponding IC . Moreover, there is minimal change in the dynamic strength for the specimens previously subjected to impact at an age of 14 days under the impact level equal to or less than 75% 14IC . The difference of influence of early-age impact at different ages on the dynamic strength of concrete at the stable age may be attributed to the mechanical properties of concrete change from viscoelastic to quasi-brittle behavior with age. Before an age of 7 days, the viscoelastic behavior of the concrete allows it to be more deformed, and the deformation can recover to the original level after impact if the impact level is less than 50% of the corresponding IC . However, under the impact level at or above 75% of the corresponding IC , the deformation is too large and beyond the deformation capacity of concrete so that it is unable to recover to the original level. This result corresponds to an evidential effect on the dynamic strength of specimens at a stable age. Considering that the stiffness of the concrete increases with age and the concrete reveals more characteristics of a quasi-brittle material, the impact after an age of 14 days has minimal effect on the dynamic strength of concrete at a stable age.
Effect of Incident Energy on Dynamic Strength.
As seen from Figure 10 , the dynamic strength of concrete for each age has a positive logarithmic increase relationship with incident energy, and the corresponding growth rate becomes larger with age. The dynamic strength grows rapidly when the impacting incident energy is less than IC , while the growth rate of the dynamic strength begins to decrease when the impacting incident energy exceeds critical incident energy. The decreased magnitude decreases with age. This observation indicates that the sensitivity of the dynamic strength to the incident energy increases with age but will begin to decrease when the incident energy exceeds IC . This reversal is mainly because the early-age concrete shows a viscoelastic behavior and is more easily deformed with the increase in incident energy. However, with age, the concrete begins to reveal more quasi-brittle material characteristics, and the deformation capacity decreases. Therefore, the changes in the equivalent incident energy create a more significant effect on the changes of the dynamic strength of the concrete.
Conclusions
In this study, impact compression tests of concrete at five different early ages were conducted with SHPB. The mechanical properties of specimens (28 days) previously subjected to impact at the ages of 1, 3, 7, and 14 days were comparatively analyzed with those of specimens under standard curing conditions for 28 days. The following conclusions can be drawn:
(1) The mechanical properties of concrete convert from the viscoelastic to the quasi-brittle, and the sensitivity of the dynamic strength to the incident energy increases with age. The impacting effect on the wave velocity of concrete decreases with an increase in age. (2) Concrete that experienced impacts at different ages has a distinguishing influence on the dynamic strength of the concrete at a stable age. The sensitivity of the incident energy is improved with age. The threshold value of the incident energy at early ages has no significant effect on the stable age concrete, and the value was 50% of the critical incident energy at a corresponding age and 75% after 7 days.
Therefore, in practical engineering, when using a concrete blasting process before 7 days of curing, the external disturbance load should be strictly controlled to 50% of 8 Shock and Vibration corresponding age's IC to ensure the concrete supporting structure performs well and effectively.
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